Three laboratory scale anaerobic-aerobic (low-oxygen) SBRs (R1, R2 and R3) were conducted at different influent phosphorus concentration to evaluate the impacts of phosphorus load on nutrients removal and nitrous oxide (N 2 O) emission during low-oxygen simultaneous nitrification and denitrification (SND) process. The results showed that TP and TN removals were enhanced simultaneously with the increase in phosphorus load. It was mainly caused by the enrichment of polyphosphate accumulating organisms (PAOs) under high phosphorus load and low COD/P ratio (<50), which could use nitrate/nitrite as electron acceptors to take up the phosphorus. 
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Introduction
To date, nutrients in the wastewater are enforced to be removed in order to protect the water from eutrophication. Therefore, simultaneous nitrification-denitrification (SND) under oxygen-limiting condition is widely studied, due to its high nutrients removal efficiencies and low energy consumption (Holman and During conventional biological nutrients removal process, N removal is accomplished by a two-stage treatment, aerobic nitrification and anoxic denitrification, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 whereas P removal is achieved through enhanced biological phosphorus removal (EBPR) under alternating anaerobic-aerobic conditions (Zeng et al., 2003) . 10-20) in influent tends to favor the growth of PAOs instead of GAOs, whereas a high COD/P ratio (e.g. >50) will be favorable to the growth of GAOs.
Moreover, it is found that denitrification and P removal can be achieved simultaneously, which called denitrifying phosphorus removal, due to the capacity of denitrifying phosphorus accumulating organisms (DPAOs) to use nitrate and/or nitrite 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 as electron acceptor for P removal instead of oxygen (Kuba et al., 1996) . In this simultaneous nitrification-denitrification-phosphorus removal system, carbon is supplied in an initial anaerobic period and can therefore selectively be taken up by
PAOs and stored as PHA. In the following aerobic period, simultaneous nitrogen and phosphorus removal is achieved by the presence of adjacent aerobic and anoxic microzones in microbial aggregates caused by mass transport limitation of oxygen.
Both N and P removal processes require COD. Therefore the ratio of COD:N:P is essential for the removal of N and P. 
Materials and methods

Reactor setup and operation
Experiments were carried out in three lab-scale anaerobic-aerobic SBRs (R1, R2
and R3), with effective volume of 5 L. The schematic diagram of the experiment system is shown in Fig. 1 After the SBRs were acclimated under specific operation condition for over 3 months and reached stable performances, indicated by stable nitrogen and phosphorus concentrations in the effluents, the effluent was sampled and analyzed every 3 days to evaluate the contaminant removal performance. The systems were gastight and off gases were collected into gas sampling bags to measure N 2 O concentrations at time 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 of experiment to have a concentration of 5 mg/L, 10 mg/L, and 1 g/L, respectively.
A mixture of N 2 and air was supplied into the mini bioreactors with the ratio adjusted so as to best simulate the DO variation and hydrodynamic environment of the parent reactor. The off-gas during each experiment was all collected into gasbags to quantify the emission amount of N 2 O. Each experiment was conducted three times.
Analysis
The analysis of COD, NH 
Results and discussion
Effect of phosphorus load on contaminant removal performance
After running for about three months, the effluent contaminant concentration tended to be stable and the SBRs were in steady-state. The contaminants removal 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 efficiencies of each SBR were evaluated and the results are shown in Table 1 . The COD removal efficiency of all three SBRs was high (> 92%) and there was no significant difference of three SBRs. The high COD removal efficiency was due to the easy degradation of the influent organic compounds (glucose and sodium acetate).
The influent carbon was consumed quickly for denitrification and hydrolysis of intracellular stored polyphosphate.
The TP removal was enhanced with the increase of phosphorus load. The TP removal efficiency of R1 was only 85.7%. R3 gained the highest TP removal efficiency (89.3%) although the phosphorus load was much higher than R1 and R2.
The influent COD/TP ratio of R1, R2 and R3 was 91.6, 40.8 and 27.6 on average.
With the decrease of COD/P, the phosphorus removals exhibited an upward trend. It The TN removal efficiency presented an upward trend with the increase of phosphorus load, although there was no significant difference for R1 and R2. The ammonium was almost completely removed in all SBRs, indicating that the nitrifier was not affected by the C/P ratio. The higher TN removal efficiency of R3 was due to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 the little accumulation of nitrate. The effluent nitrate concentration of R3 was only 5.7±1.3 mg/L, which was lower than that of R1 and R2. It was known that the nitrogen removal during SND process was achieved by the coupled denitrification during aerobic stage, i.e., nitrifier denitrification and heterotrophic denitrification (Chiu et al., 2007) . The autotrophic nitrifiers were not affected by the phosphorus concentration under P-rich condition. Therefore, the variation of nitrogen removal was mainly caused by the activity of heterotrophic denitrification.
To further investigate the influence of phosphorus load on contaminant removal, the characteristics of C, P and N transformation during one cycle in each SBR were studied. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Fig. 2b and 2c) . The results indicated that more phosphorus would be released during anaerobic stage and absorbed during aerobic stage when the influent phosphorus load was higher.
Meanwhile, the synthetic intracellular PHA during the anaerobic stage was enhanced with the increase of phosphorus load, although the amount of organic carbon input was same in each SBR. At the end of anaerobic stage, the PHA content in the sludge of R1 and R2 was 64.0 mg/gSS and 73.8 mg/gSS ( Fig. 2a and 2b ). For R3, the synthetic PHA was as high as 175.2 mg/gSS (Fig. 2c) . It was mainly caused by the enrichment of PAOs under high phosphorus load. Seviour et al. (2003) indicated that more PAOs could be accumulated and activated in the reactor with higher P loading. More P was available for PAO to accumulate as internal poly-P under higher phosphorus load, despite the similar COD loading adopted in all SBRs ,   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 resulting in more PHA synthesized and stored during anaerobic stage. For R2 and R3, the time course of nitrogen transformation was similar with that of Run 1 ( Fig. 3b and 3c ). However, with the increase of influent phosphorus load, the accumulation of nitrate was eased. The effluent nitrate concentration of R3 was lower than that of R1 and R2. Meanwhile, the accumulation of nitrite of R3 was also lower than that of R1 and R2. The maximum concentration of nitrite was 1.1 and 2.1 mg/L at 180 min in Run 1 and Run 2, while the peak value in Run 3 was only 0.7 mg/L.
The above results indicated that the increase of phosphorus load enhanced the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 simultaneous denitrification during the aerobic stage. During this period, the COD concentration in each SBR was very low (Fig. 2) and the carbon source for denitrification was insufficient. Therefore, the simultaneous heterotrophic denitrification was carried out using internal stored carbon source. It was reported that under the low C/N ratio condition, some heterotrophic denitrifiers, such as PAOs and GAOs, could use the intracellular PHA as carbon source to reduce the nitrate/nitrite 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 was due to the NO 2 -accumulation at the beginning of new cycle (Fig. 3) . With the increase of phosphorus load, the maximum N 2 O emission rate was decreased. The peak average N 2 O emission rate was 8.9 and 8.5 μg/gMLSS/min for R1 and R2, respectively. The maximum N 2 O emission rate of R3 was 6.9
μg/gMLSS/min, which was much lower than that of R1 and R2. The N 2 O-N emission amount and conversion rate in each SBR were calculated and the results are shown in 20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 with the increase of phosphorus load. The N 2 O-N emission amount per cycle of R3 was 24.1% lower than that of R1. Only 6.22% of removed nitrogen of R3 was converted to N 2 O-N, which was also much lower than that of R1 and R2.
The time course of ammonium concentration in each SBR showed that the community of ammonia-oxidizing bacteria (AOB) was not affected significantly by the phosphorous load (Fig. 3) . Therefore, the variation of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 It was found that the high phosphorus load of R3 in the present study achieved higher nutrients removal as well as lower N 2 O yield, which makes this approach attractive. However, balancing three different processes (nitrification, denitrification and phosphorus removal) simultaneously in a single sludge system requires skilful management of the bacterial populations, because that the successful enrichment of PAOs can fail due to the proliferation of GAOs.
Conclusions
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y N 2 O emission was reduced with the increase of P load during low-oxygen SND process.
y N 2 O yield by heterotrophic denitrification was reduced under high P load.
y The enrichment of PAOs instead of GAOs led to low N 2 O yield under high P load.
